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Introduction

The quantification of bacteria based on nucleic acids has

advantages such as specificity, low detection limits and

large and expanding sequence databases. Several attempts

have been made to use the quantification of nucleic

acids as a measurement of viability of bacteria. It is gen-

erally agreed that the level of bacterial DNA does not

directly correlate with viability (Josephson et al. 1993).

Messenger RNA has been proposed as a suitable marker

for the presence of viable cells (Bej et al. 1991). How-

ever, the nature of inactivation treatment (Rijpens et al.

2002) as well as the choice of the target mRNA (Sheri-

dan et al. 1998) have been shown to have strong influ-

ence on the stability of mRNA in dead cells. Attempts

to use rRNA as a viability marker have yielded inconsis-

tent results. Following drug treatment, van der Vliet

et al. (1994) reported that the amount of 16S rRNA

reflected the viability of Mycobacterium smegmatis. Other

studies have shown that the correlation between the

rRNA content and viability depends on the stress treat-

ment applied to the cells (Tolker-Nielsen et al. 1997).

Sheridan et al. (1998) observed no loss of 16S rRNA of

Escherichia coli at 16 h after killing of the cells. Uytten-

daele et al. (1997) concluded that the presence of 16S

rRNA of Campylobacter jejuni could not be used as a
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Abstract

Aims: To assess the stability of 16S rRNA of viable but nonculturable (VBNC)

probiotics during storage when compared with different attributes of viability.

Methods and Results: Levels of RNA of the probiotic strains Bifidobacterium

longum 46, B. longum 2C and B. animalis subsp. lactis Bb-12 were monitored

during storage in fermented and nonfermented foods. Cells which gradually

lost their culturability in fermented products retained high level of rRNA,

whereas rRNA of acid-killed control cells decreased at faster rate. Furthermore,

the viability of B. longum 2C was monitored during storage by measuring

changes in reductase activity, cytoplasmic membrane integrity and esterase

activity using a flow cytometer. All of the culture-independent viability assays

suggested that the cells remained viable during storage. In nonfermented

media, the observed losses in culturability were smaller, and the changes in cell

counts were comparable with the changes in rRNA levels.

Conclusions: Viable but nonculturable probiotics maintain high levels of rRNA

and retain properties of viable bacteria including reductase activity. Quantifica-

tion of 16S rRNA complements culture-independent viability assays.

Significance and Impact of the Study: Culture-independent viability assays

allow the detection of VBNC probiotics, and can be used parallel to conven-

tional culture-dependent methods to obtain accurate information on probiotic

viability.
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marker for the presence of live bacteria. Despite being

an unreliable marker for bacterial viability, rRNA may

be useful in the determination of bacterial activity

(Poulsen et al. 1993).

This study was designed to monitor different parame-

ters of viability and activity of probiotic bacteria during

storage. The changes in the levels of 16S rRNA were mea-

sured in relation to culturability and culture-independent

viability assays including measurements of cytoplasmic

membrane integrity, reductase activity and esterase

activity.

Materials and methods

Probiotic products

Six different fermented products and six nonfermented

products were prepared for the study, all in duplicate.

Fermented products were prepared by inoculating Dif-

co� Skim Milk (Becton Dickinson, Sparks, MD, USA)

or commercially available UHT treated oat drink (‘Oa-

tly’, Ceba Foods AB, Malmö, Sweden) with 1% precul-

tured Bifidobacterium longum 46 (BL46; DSM 14583),

B. longum 2C (BL2C; DSM 14579), or B. animalis

subsp. lactis Bb-12 (Bb-12; Chr. Hansen A ⁄ S, Hør-

sholm, Denmark) and fermenting the products at 37�C

until pH 4Æ5 in anaerobic chamber (10% CO2, 10%

H2, 80% N2). The nonacidified products were prepared

as described above excluding the fermentation step,

which was replaced by 1 h anaerobic incubation at

37�C to allow the cells for customizing to the environ-

ment. The products were protected from light and

stored at 4�C for 5 weeks. All products were subjected

to analysis after overnight storage (zero week samples)

and subsequently on weekly basis. To remove the

majority of the solids of milk and oat samples, the

samples of the products were subjected to mild centri-

fugation prior to analysis as described previously (Lah-

tinen et al. 2006a).

Plate counts

Brucella agar plates (Scharlau-Chemie S.A., Barcelona,

Spain) in the case of BL46 and BL2C and Blood-Liver

agar plates (Nissui, Tokyo, Japan) in the case of Bb-12,

both supplemented with 5% sheep blood, were used for

plate counts. Samples were serially diluted with phos-

phate-buffered saline (PBS; pH 7Æ2), spread on agar plates

and incubated anaerobically at 37�C for 3 days.

Quantification of 16S rRNA

Samples were diluted 10· with PBS and RNA was

extracted using RNAprotect� Bacteria and RNeasy Mini

Kit according to manufacturer’s (Qiagen, Valencia, CA,

USA) instructions, with the following modifications: the

lysis buffer was supplemented with 30 lg ml)1 lysozyme

(Sigma, St Louis, MO, USA) and 100 U ml)1 mutanoly-

zin (Sigma) and the samples were incubated for 30 min

on shaker, during which the samples were subjected to

three freeze-thaw cycles using liquid nitrogen and a 50�C

water bath. RNase-free DNase I (Qiagen) was used to

digest any residual DNA. Single-stranded cDNA was syn-

thesized from purified RNA eluate using High-Capacity

cDNA Archive Kit (Applied Biosystems, Foster City, CA,

USA) according to manufacturer’s instructions using

primers presented in Table 1. Acid-killed cells were

obtained by adding HCl to the samples until pH 2 and

incubating samples for 1 h at room temperature. The

acid-treated control samples were stored at 4�C and sub-

jected to RNA extraction weekly. The cDNA was quanti-

fied directly after synthesis using quantitative real-time

PCR procedure as described by Gueimonde et al. (2004).

The PCR primers, dabcyl labelled quencher probes and

amino-modified detection probes were purchased from

Thermo Electron (Ulm, Germany). The amino-modified

probes were labelled in-house with a fluorescent euro-

pium chelate and the labelled probes were purified as

described previously (Nurmi et al. 2002). The two sets of

Table 1 The oligonucleotides used for the

quantification of 16S rRNA of Bifidobacterium

longum and B. animalis subsp. lactis by

real-time PCR

Oligonucleotide Sequence (5¢-3¢)* Reference

B. longum primer 5¢ TTCCAGTTGATCGCATGGTCTTCT Gueimonde et al. 2007

B. longum primer 3¢ GGCTACCCGTCGAAGCCACG

Probe �GCGACCCCATCCCATACCGCGATT

Quencher ATGGGATGGGGTCGC�

B. animalis primer 5¢ ACCAACCTGCCCTGTGCACCG Lahtinen et al. 2005,

2006aB. animalis primer 3¢ CCATCACCCCGCCAACAAGCT

Probe �ACCATGCGATGGAGCGGAGCATCCGGTTA

Quencher GCTCCATCGCATGGT�

*Bold letters indicate bases that are not complementary to the target.

�2,2¢,2¢¢,2¢¢¢-bis(pyridine)-2,2¢-diyl{bis(methylenenitrilo)}tetrakis(acetato) europium (III).

�Dabcyl.
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oligonucleotide primers and probes used to quantify

B. longum strains and B. lactis are presented in Table 1.

Samples (2 ll) were analysed in 50 ll amplification reac-

tions consisting of PCR buffer II, 3Æ5 mol l)1 MgCl2,

0Æ2 lmol l)1 of each primer, 200 lmol l)1 of each dNTP,

0Æ024 lmol l)1 europium-labelled probe, 0Æ166 lmol l)1

quencher probe and 1Æ25 U of AmpliTaq Gold DNA

polymerase. All reactions were performed on MicroAmp

Optical Plates sealed with MicroAmp Optical Caps

(Applied Biosystems). Thermal cycling (iCycler) for the

quantification of bifidobacteria consisted of an initial

cycle of 95�C for 10 min, 40 cycles of 95�C for 15 s, 65�C

for 1 min, 66�C for 45 s (or 67�C 1 min, 68�C 45 s for

B. animalis) and 35�C 15 s. Europium fluorescence mea-

surements were performed in real-time at the end of each

cycle using Wallac Victor2 1420 Multilabel Counter (Per-

kin Elmer, Turku, Finland). All samples were analysed in

duplicate. To obtain calibration curves, cDNA obtained at

1 day of storage from products with known CFU ml)1

was serially diluted and subjected to quantitative reverse

transcriptase PCR. The amount of 16S rRNA in samples

was determined by comparing Ct values to the standard

curve. The standard curve was used to estimate the corre-

lation between measured cDNA and cell count of a sta-

tionary phase product and the results were presented as

relative cell counts (rcc).

Culture-independent viability assays

To further investigate the viability of apparently uncultur-

able probiotics, fermented test product containing B. lon-

gum 2C in reinforced clostridial medium (RCM; Oxoid,

UK) was prepared in duplicate as described for milk and

oat products and stored at 4�C. The flow cytometric mea-

surements of cytoplasmic membrane integrity and esterase

activity were performed as previously described (Lahtinen

et al. 2006b). To measure the changes in the reductase

activity of the cells during the storage, cells were collected

and washed, and stained with BacLight� RedoxSensor�
Green (Molecular Probes, Eugene, OR, USA) according

to the manufacturer’s instructions. One microliter of

100 lmol l)1 RedoxSensor Green dye was added into

1000 ll washed cell suspension, and the sample was

vortexed and incubated at 37�C for 10 min. Negative

controls were obtained by treating 500 ll cell suspension

with 10 ll of 5 mmol l)1 carbonyl cyanide 3-chloro-

phenylhydrazone (CCCP; Molecular Probes), which

disrupts electron transport. FACSCalibur flow cytometer

(Becton Dickinson) was used for the analysis of individ-

ual cells, as described earlier (Lahtinen et al. 2006b). Plot-

ting and analysis of flow cytometer data was performed

with cellquest� Pro (Becton Dickinson) program.

Statistical analysis

Following logarithmic conversion, Student’s t-test was

used to test the differences between the mean cell counts

which were measured at the beginning of the storage and

at subsequent time points. Pearson correlation (r) was

used to test the correlation between cell counts and stor-

age time. Statistical analysis was performed by using spss

program ver. 12 (SPSS Inc., Chicago, IL, USA).

Results

Plate counts

The results of the plate counts are presented in Fig. 1. In

fermented milk (Fig. 1a) and fermented oat drink (Fig. 1b)

the plate counts of both BL46 and BL2C decreased rapidly
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Figure 1 Plate counts of Bifidobacterium longum 46 (BL46), B. longum 2C (BL2C), and B. lactis Bb-12 stored in milk (a) and oat drink (b).

Symbols: . = BL46 pH 4Æ5; = BL46 pH 6Æ5; D = BL2C pH 4Æ5; s = BL2C pH 6Æ5; · = Bb-12 pH 4Æ5; h = Bb-12 pH 6Æ5.
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during storage. This reduction was significant in fermented

milk (P = 0Æ018 and P = 0Æ011) and in oat drink

(P = 0Æ003 and P = 0Æ013) for both BL46 and BL2C,

respectively, and correlated with storage time in both milk

(r = 0Æ976 and r = 0Æ967) and oat drink (r = 0Æ946 and

r = 0Æ972). Plate counts of Bb-12 decreased slowly but sig-

nificantly in both fermented milk (P = 0Æ005; r = 0Æ945)

and in fermented oat drink (P < 0Æ001; r = 0Æ748). In non-

acidified milk, the reduction of plate counts was significant

only for BL46 (P = 0Æ046; r = 0Æ970), whereas in nonacidi-

fied oat drink significant changes were observed for BL46

(P = 0Æ001; r = 0Æ857), BL2C (P = 0Æ020; r = 0Æ753) and

Bb-12 (P = 0Æ033; r = 0Æ976).

Quantification of 16S rRNA

The rcc of the products are presented in Fig. 2. In milk

(Fig. 2a), the observed reductions in RNA levels were gen-

erally small; no changes were observed in fermented milk,

while in nonfermented milk only the counts of BL2C

decreased significantly (P = 0Æ004; r = 0Æ934). In fermented

oat products (Fig. 2b), the rRNA levels of BL2C

(P = 0Æ026; r = 0Æ971) and Bb-12 (P = 0Æ018; no correla-

tion with time) decreased slowly, but BL46 showed no sig-

nificant reduction. In nonfermented oat products, level of

rRNA did not decrease significantly during storage. No sig-

nificant differences between the three strains were observed.

The PCR results of oat-based and milk-based products

were comparable with each other, with the exception of

BL2C stored in nonfermented media, in which the differ-

ence between the two media was statistically significant

(P = 0Æ042). Acid-treatment of BL46 had minor initial

effect on the levels of RNA, but was followed by constant

mean decrease of 0Æ81 log rcc ml)1 week)1 during storage,

which was considerably higher than the rate of reduction of

cells stored in fermented (0Æ03 log rcc ml)1 week)1) and

nonfermented (0Æ11 log rcc ml)1 week)1) products.

Flow cytometric viability assays

The viable counts of flow cytometric assays remained

high throughout the storage. Although the membrane

integrity and the reductase activity of the cells changed

very little (Fig. 3), the esterase activity of the cells as

determined by cFDA ⁄ PI showed reduction (P = 0Æ022)

during the storage.
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Figure 2 Relative cell counts determined by quantification of 16S rRNA by reverse-transcriptase PCR of Bifidobacterium longum 46 (BL46), B. lon-

gum 2C (BL2C), and B. lactis Bb-12 stored in milk (A) and oat drink (B). Symbols: . = BL46 pH 4Æ5; = BL46 pH 6Æ5; D = BL2C pH 4Æ5;

s = BL2C pH 6Æ5; · = Bb-12 pH 4Æ5; h = Bb-12 pH 6Æ5.
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Figure 3 Viability of Bifidobacterium longum 2C during storage in

fermented medium (RCM) determined culture-independently by mea-

suring cell membrane integrity (D), reductase activity (·) and esterase

activity ( ) using a flow cytometer.
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Discussion

Viability of bacteria is not a simple question of cells

being dead or alive. At times, cells appear unculturable in

laboratory conditions, but may still possess several func-

tions and activities typical of live cells. Apparent uncultu-

rability may result from the lack of suitable growth

conditions or sublethal injury of cells (Bogosian and

Bourneuf 2001), or it may be a survival mechanism trig-

gered by stress conditions, as suggested by many (Colwell

2000; Mukamolova et al. 2003). Recently, strains of

Bifidobacterium, often used as health-promoting probiotic

bacteria, have been shown to become ‘dormant’ during

storage in fermented media (Lahtinen et al. 2005), or

‘sublethally injured’ following a stress-treatment (Ben

Amor et al. 2002).

In this study, the 16S rRNA levels and viability of pro-

biotic bifidobacteria stored in fermented and nonferment-

ed foods were monitored using culture-dependent and

culture-independent methods. Of these, Bifidobacterium

longum 46 and B. longum 2C rapidly lost their culturabili-

ty during storage in fermented products, whereas the

culturability of B. animalis subsp. lactis Bb-12 decreased

at a slower rate. The reductions in plate counts in fer-

mented media were not followed by consequent changes

in the level of 16S rRNA. For example, the plate counts

of BL46 decreased 9Æ36 log CFU ml)1 during 5 weeks of

storage in fermented milk, but for the same period, the

rccs determined by 16S rRNA quantification reduced only

by 0Æ16 log rcc ml)1. In nonacidified media, the differ-

ences between the two methods were considerably smal-

ler, suggesting that acidity of the products was the main

cause of the apparent unculturability of the cells stored in

fermented media. Acid-killed cells were prepared to com-

pare the degradation of rRNA of cells stored in food

products and truly dead cells. In accordance with previ-

ously published results (Tolker-Nielsen et al. 1997), the

acid-treatment did not cause immediate degradation of

16S rRNA. During subsequent storage, the 16S rRNA lev-

els of acid-treated cells decreased at much faster rate than

the levels of rRNA in the cells stored in fermented and

nonfermented food products. Although the plate counts

suggested that cells stored in fermented products were

dying as a result of acid-induced injury, the 16S rRNA

was much more stable in these unculturable cells than in

truly dead cells. This indirectly suggests that the uncultur-

able cells indeed remained viable but nonculturable

(VBNC).

To further investigate the viability of the unculturable

cells, three culture-independent flow cytometric viability

assays were used. The results suggested that unculturable

cells retained cytoplasmic membrane integrity, reductase

activity and esterase activity. The membrane integrity and

the reductase activity assays showed no reduction of viabil-

ity during storage and the results of these assays were com-

parable. Viability counts of cFDA ⁄ PI esterase activity assay

were lower than the counts of the other flow cytometric

assays, but this difference may be attributed to energy-

dependent efflux of cFDA from the cells (Bunthof et al.

2000) rather than differences in cell activity. Membrane

integrity and esterase activity of unculturable probiotics has

been demonstrated previously (Lahtinen et al. 2006b).

Here, measurement of reductase activity, a marker for elec-

tron transport chain function and cell viability and activity,

was shown to yield results comparable with membrane

integrity assay, a widely-used marker for viability. The Red-

oxSensor Green method offers an alternative for the cul-

ture-independent measurements of probiotic viability.

Taken together, the results of this study further con-

firm the hypothesis that probiotic bacteria stored in fer-

mented products may become apparently unculturable

but nevertheless retain several characteristics typical of

viable cells. The viability of such VBNC cells may be mea-

sured using culture-independent assays. Apart from the

previously demonstrated attributes of viability of uncul-

turable probiotics, the cells were shown to retain reduc-

tase activity during storage. Moreover, it was shown that

the cells also maintain the levels of 16S rRNA at levels

comparable with culturable bacteria, whereas truly dead

cells show faster degradation of rRNA. Determination of

viability and activity of probiotic bacteria is of increasing

economic, regulatory and technological importance and

culture-independent assays offer means for assessing also

the viability of VBNC probiotic cells. Future research

is needed to assess the functional properties of such

probiotics.
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